Abstract. ‘The most fundamental objective of
all planctary missions is to return data. To
accomplish Ibis, a spacecraft is fabricated and
built, software is planned and coded, and a
ground system is designed and implemented.
However, a systems engincering approach to
determine how the collection of data drives
ground system capabilitics has reccived little
aliention,

This paper defines a technique by which
scicnce objectives can be guantitatively
evaluated. For illustrative purposes, it will be
applied to NASA’s Cassini Mission. This mis-
sion, to be launched in 1997, is an international
endeavor designed to orbit Saturn for four years.

The results of this system's engincering
approach will show which science objectives
drive specific ground system capabilities. in
addition, this technique can assist system
engincers in the sclection of the science payload
during pre-project mission planning; ground
system designers during ground system
development and implementation; and operations
personnel during the mission.
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Abstract, The most fundamental objective of
al planetary missions iS to return data. TO
accomplish this, a spacecraft is fabricated and
buil(, softwarc is planned and coded, and a
ground system is designed and implemented.
1 Towever, asystems engineering approach to
determine how the collection of data drives
ground system capabilities has received little
attention,

This paper defines a technigue by which
scicnce objectives can be quantitatively
cvalualed. For illustrative purposes, it will be
applied to NASA'’s Cassini Mission. This mis-
sion, to be launched in 1997, is an international
endeavor designed to orbit Saturn for four years.

The results of this system’s engineering
approach will show which scicnce objectives
drive specific ground system capabilities. in
addition, this technigue can assist sysiem
cngincers in the selection of the science payload
during prc-project mission planning; ground
system designers during groundsysicm
development and implementation; and operations
personnel during the mission.

APPROACH

The basic approach has both the science
community and the ground systcm define a sct of
matrices. The science matrices define the main
objectives of the mission, who will collect them
and when. The ground system matrices define
the characteristics that drive ground capabilities,
and an estimate of when each service can be
provided.  Together, the set of matrices
represents @ powerful analytic tool.

"To begin, the first matrix created (and the
most fundamental) is the matrix that explicitly
cstablishes which science objectives can be met
by each investigation. This matrix, known as the
"Science Objectives VS, Investigation” matrix,
ensures that the objectives of the missions can be
met by the selected investigations.

Once the "Scicnce objectives vs. Inves-
tigation" matrix iS completed, a second matrix
which establishes the times during the mission

(i.e., epoch) where cach objective is captured is
creak’ d. This matrix identifies the importance of
each epoch based cm the acquisition of scicnce
objectives.  Epochs arc determined either by
orbital events (€.9., bow shock crossing, satellite
closest approach, ctc.)or by investigation
characteristics (e.g., the time when the target
body fills the narrow angle camera ficld-of-
view).

Next, the scicnce community creates a
matrix which defincs "types of observations” the
spacecraft must perform to obtain the desired
science.  The observation type only represents
activity that is cxternalto the science instru-
ments, It isassumed that instrument internal
commands can always be sent to the spacecraft
when two-way communication has been
established.

‘1 he last matrix gencrated by science defines
which ground systeni resources arc needed for
each observation type. This matrix, known as
the "Operations Characteristics vs. Observation
Type" matrix, alows the scicnce community to,
independently from the Ground System (GS),
evaluate which ground resources arc nceded by
their investigation.

Louring the development of these matrices,
the GS definces its own tables. The first Of these
defines the mission operation characteristics (i.e.,
thosc characteristics that drive mission
operations cost) and their associated dynamic
range.

Next the GS gencrates the "Operations
Charucleristics vs, Orbital Scgment” matrix.
This matrix isthe [iS's best estimate of how its
ground resources Will be used during the course
of the mission. It shows what level of resources
arc niceded for each segment of the mission.
Once generated, the obscervation types (based on
the (iS's characteristics) arc compared to this
table. The results show which science
objcclives arcin jeopardy by the current aloca
tion of GS resources.

By identifying conflicts early, the GS and
scicnce community caii negotiate how to
rcallocate resources tO design a ground system




that is within budget, consistent with mission
plans and responsive to the needs of the science
community.

SCIENCE MATRICES:
SCIENCE OBJECTIVES VS,
INVILST1GA'J1ION

The first sct of matrices captures th e
mission’s science objectives. These objectives
usually fall into oncof four catcgories:
atmospheres, magnetospheres, rings and
satellites. in some cases, categories may need to
be added, removed or modified. In the Cassini
example, the addition of a Titan category is
required. In each category there arc
approximately five toten explicit science
objcclives. Hy

This sct of matrices-have onc matrix for each
category. 1 ‘ach matrix shows which objectives
arc captured by which investigation (scc Figure
1).  During prc-project development, the
proposed generic instrument payload (i.e.,
imagers, spectrometers, radiometers, mass
speetromelers, magnetometers, etc. ) arc
evaluated against their corresponding science
objectives.  This ensures that the proposed
instrument payload captures al the science that
the spacecraft is designed for, confirms thatno
proposed investigation is redundant with another
and thatno investigation exceeds the scopc of the
mission.

During development, the selected payload is
again evaluated against the scicnce objectives.
This confirms that between pre-project design
and project start (and the selection of
investigations) the desired set of science
objectives arc indeed captured by the
spacecraft’'s payload. once evaluated, these
matrices arc placed under project change control
to ensure thatthe contributions from each
investigation arc explicitly stated and that their
requirements do not continue to grow.

SCIENCE MATRICES:
SCIENCE OBJECTIVES VS, ORBITAL
SEGMENT

Once the science objective matrices have
been developed, the times in the mission when
the science objectives arc acquired needsto be
established. For a"swingby" mission like
Voyager, the encounter period may be divided
into segments and gcometric events (e. g.,
approach, far ecncounter, near encounter, planet
closcs approach (C/A), satellite C/A, posty
encounter). For an orbiter mission which studies
temporal variations of a target for many years,

orbital segments arc created by the identification
of gecometric events. As an example, the Cassini
mission starts with Saturn Orbit Insertion (S01)
and then hasits associated geometric evens:
1. Aunospheric (e.g., atmosphere
occultations, phase angle, cic.)
2. Magnetospheric (e.g., bow
shock crossings, satellitc wake
crossings, elc.)
3. Ring (c.g., ring plane crossing,
ring occultations, ctc.)
4. Satellite events (e.g., Titan
encounters, targeted icy
satellite encounters, nontargeied
icy satcllite encounters)

Once scgments arc defined from the
geometric events, a matrix of science objectives
vs. o1 bital scgments is developed (see Figure 2).
1t is important to notc that the sum of the
segments defines the entire encounter or orbital
tour. If it dots not, then the addition of “place
holders" may be necessary. "Saturn Orbital Ops”
isan example of aCassini orbital tour place
holder. This place holder is needed because
smnc high priority observations arc bound to
orbital characteristics and not just particular
gcometric events. These high priority events
dictale that "Saturn Orbital Ops" be divided into
high activity and low activity scgments. Only
high activity periods contain high priority events.
The low activity segunents arc for the remainder
of the orbital tour

An example of an observation which
requires a high activity period is a stellar ring
occultation. This important observation istied to
both @geometric event and orbits with relatively
high inclinations. For Cassini, these orbits occur
early andlatc in the orbital tour. A low activity
period may contain periodic fields, particles &
wave measurements.  ‘Fhese measurcments arc
critical to the understanding of the magncto-

sphere, but may be done anywhere in the orbit. . ¢

The spacing of individual observations ¢o not
matter as long as comiplete coverage of the orbit
is obtained.

SCIENCFE MATRICES:
VAIL.1)A’J 10N OF ORBITAL SEGMENTS

The "Scicnce objectives vs. Orbital
Scgment” matrix iS used to determine the times
in the mission when the scicnce objectives arc
achicved. A “ 17, “2" or “N” is placed in each
cell of the matrix toidentify the degree in which
the objective was capturced during the particular
orbital scgment. A “ 17 indicatcs that the
objective was met during the particular orbital
scgment, “2” indicates that some portion of the



SCIENCE MAT RICES
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Figure 1. This marix shows which investigations
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Figure 2. This marix identifies the importance of
each epoch in the orbit based on science
CASSINI objectives.
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Figure 3. This marix defines activities that the

spacecraft must perform to obtain the desired
science. CASSINI
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Figure 4. This marix allows the science community
to independently evaluate Ground System resources.




objective was met and an “N” indicates that the
objcctive could not be obtained at this particular
lime.

Oncc the entire matrix is finished, al cells
withan “N” are shaded for readability. This
matrix can Now be used (ci validate that the set of
orbital segments is complete. The validation
process is first performed onthe rows (i.e,
science objectives). Each row must have at least
onc“ 1" ora“2” in it If it dots not, then the
objective IS not captured with the current et of
orbital scgments. This implics that either the
objective should be removed or a ncw orbital
segment (which would capture the objective) be
added.

Next, the columns arc checked for internal
consistency. At least onc 1" or @*2” should be
in every column. If it-docs not, then the column
(i.e., orbital segment) is unnecessary and should
be removed from the matrix (in this case, some
columns do not contain a“]” or a"2" because
this figure is only apart of the complcic matrix).
1tis desired, for simplicity, that the final matrix
have the least number of columns. The end
result is atable that explicitly defines when in
the mission specific scicnce objectives arc
obtained.

SCIENCE MATRICES:
DEFINE OIISICRVA'JION TYPES

Scicence investigators next define obser-
vation types. An observation type is an activity
nceded by aninvestigation in order to capture a
scientific objective. The investigator only needs
1o define those types of activities thatimpact
ground system resources. Any activity that is
performed internal (o the instrument dots not
need to be considered, as it only drives the
investigation's resources.

‘The observation types arc used to cnsure that
the GS has the correct resources in place as
determined by the investigators. An example of
an observation type is a “mosaic.” The
shuttering of a single image, a UV atmospheric
occultation observation and a mass spectrometer
sample of the atmosphere (by orienting the
spacccraftinto tile ram direction) all fall under
the same observation type (i.c., 1 XI Mosaic). In
each case, the investigation needs to orient its
ficl(i-of-view in only onc specific direction.

Obscrvation types are dctermined by
creating a table of science objectives,
investigations  that provide "notable
contributions” (ak.a. prime investigations) and
then dcfining the proposed observation type (sce
Figure 3). The first Titan scicnee objective,
"Aumospheric Abundances, " lists the

investigations that wereidentificd as primein the
"Scicnce Objectives VS, Investigation” matrix
(scc Figure 1). Yor cach investigation in a
particular scicnee objeclive, an observation type
isidentificd.

Wahile identifying obscrvation types, it 1S
impor tant M remember that the numbcer of types
be kept to a minimuin. This iSdriven by the fact
that the larger tile number of types, the more
resources have to be spent by the GS to capture
them. Thus, if Titan spiral radiometry scans and
Satur n limbtrack mancuvers can both be
performed by the same spacecraft rogtine (i .e.,
"mancuver” observation type), 'lhﬁh a cost ’
savings Will be reatived.

(Once all the objectives have been assigned
an observation type, a summary of the different
types is compiled. In this case, Cassini has Six
basic obscrvation types:

1, Articulation - Mechanical
Motion Of Cassini Plasma
Spectrometer, Cosmic Dust
Analyzer & Magnetic Imaging
Instrument

2. T.angmuir |'robe Operations -
Radio & ’lasma Wave
Scienee Experiment

3. Mancuver - RADAR Radiometry
& Radio Scicnee Limbtracks

4. Mosaics (m x n) -

a.1x1(e.g., Imaging,
Integration Or Stare)

b. 1 x m(.e., Scan)

c.nx m(i.e, Mosaic)

5. Roll - Space.cmft Roll at 0.26
degfs forlields, i’ articles & Waves

6. Sounder Mode Operations -
Radio & Plasma Wave Scicnce
Fxperiment

This list contains all activities that the GS
has complete or partial responsibility for in order
for the investigations to achicve their science
objectives. Inaddition, thislist begins to define
the fundamental activities that could be builtinto
the £ round system pr i or to the orbital tour. With
good system engineering, these activitics should
only require changcs to their parameters in order
to be used during the mission.

GROUND SYSTEM MATRICES:
OPERATIONS CHARACTERISTICS VS,
DYNAMIC RANGE

The GS,in turn, must define which
characteristics during operations drive its
resources.. 1 ‘or each characleristic, a range of
values ard defined 10 establish its dynamic range.
As an example, the repetitiveness of a sequence




dircctly drives the amount of resources (i.e.,
dollars) that must be utilized to develop
command loads. The range extends from none,
where each sequence is used only once (i.e.,
unique), to high, where each sequence is used
many times. Obviously the more frequently a
scquence can be used, the greater the cost
savings during operations. .

For the Cassini mission, | opcrational
characteristics fall into five areas.Bcc] ucncing,
spacecraft, navigation, systems aad real-time
operations. In each area, characteristics which
drive opcration costs and their associated
dynamic ranges are identified. It is important to
note that each mission has its own unique cost
drivers. As such, operational characteristic
tables must be generated for each mission.

GROUND SYSTEMM ATRICES:
OPERATIONS CHARACTERISTICS VS,
ORBITAL SEGMENT

Once the GS cstablishes its operations
characteristics, an "Operations Characteristics vs.
Orbital Segment" matrix is produced. 'This
matrix alows the GSto scope where in the
mission specific resources arc necessary, based
on the relative importance of each orbital
segment . | Thelevel of resources placed in each
cell are ohe based on the mission plan and in
accordance with the available GGS resources. The
final matrix represents the GS's best estimate of
when specific capabilities must be in placein
order 1o achicve the objectives of the mission.

It must be mentioned that in actuality
resources can not be added and subtracted as
frequently as indicated by the change of orbital
segments. Personncel must be trained in advance
of their need date and must remain at (heir task
for at least a number of months, An employee
can not be hired for a task for five days only to
be removed for the next three weeks. However,
the allocation of ground resources dots identify

the ¢bb and flow of resources and thus help?.

determine the level of effort that must be applied
at different times in the mission.

SCIENCE MATRICES:
OPERATION CHARACTERISTICS VS,
OBSERVATIONTYPE

With the gencration of the GS's operation
characteristics, the science representatives (i.e.,
Project Scientist, Principal Investigators,
Iixperiment Representatives, Investigation
Scientists, Science Coordinators, clc.() Jproduce
thc ops characteristics vs. obscrvation type
matrix (sec Figure 4), This matrix, endorsed by

the science community (independent from the
ground system), establishes what resources arc
needed by the investigations in order (o capture a
specific type of activity.1tis this matrix that will

be used against the GS'S estimate of the
availability and allocation of itsresources.

APPLICATION

As an example of the application of these
matrices, Cassini RADAR scans will be
analyzed. Yirst find which objectives require
RADAR scans. To do this, look at Figure 5.
1dcter mine the objective(s) for whichRADAR is
the prime investigation and he observation type
is “scans. ” Yor this particular case, RADAR
scans arc only needed at Titan to determine the
"State/Composition of Surf ace.”

With the science_obicctive known, use the
"Cassini Science Objectives vs. Orbital
Segmients” matrix (scc Figure 6) to determing
when the particular objective may be acquired.
The table indicates (by the presence of “1S” or
“2s") that scans arc only needed during the
" Probe” and "Titan’ " orbital segments. When we
apply the fact that RADAR will not bc used
during the probe mission, then we redize that the
GS only has to provide the capability for
R AD AR scans during Titan swin gbys,

Next, returnto the "Cassini Ops
Characleristics VS, Obscrvation Type” matrix
(scc Figure 7). Irom this matrix, remove the
RADAR scan column and compare to the ‘Titan”
column from the "Cassini Ops Characicristics vg,
Orbital Segiment “ matrix (see Figure 8). For
case of review, the orbital segments not needed
for RADAR scans have been shaded gray.

‘The requirements of the RADAR scan arc
then compared with the capability provided by
the (38. For this example, arcas in the RADAR
column which require more capability 111?1{ the
ground has provided, were shaded gray. In this
cxample, three areas (i. e., development
time/cxccutc time, repetitiveness of sequence and
simulation effort) are 1N conflict. If wWcC look at
the "Simulation Effort" row on this table, wc sce
that the GS docs snot plan to simulate RADAR
sequences. However, from a scicnee  point-of-
vicw, all RADAR sequences must be simulated.
This apparent discicpancy results in onc of the
following:

1. GS rcallocates resources 10
simulatc allR A AR scans, or

2. The RADAR Team USCS its
own resources to simulate
scans pi ior to submitting their
sequences to the GS, or




RADAR SCAN EXAMPLE
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Figure 5. First find which science objectives
require RADAR scans. In this case, only
"State/Comp. of Surface” of Titan.
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during Probe and Titan segments. However,
during the probe mission, the main antenna will
be used for data relay not RADAR. Thus, RADAR
scans only needed during Titan passes.
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Figure 7. Investigators, independent from the
GS, generate the ground capability needed for
each observation type.
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Figure 8. Compares GS capability with the science
requirements needed to capture science objectives.
Identifies which activities need to be simplified, which GS
capabilities needs to be reallocated, or which activities may
be at risk.




3. Nothing is changed and the
projects’accepts the greater
risk of scicnce data 10ss
(luring RADAR scans.

CONCLUSION

The usc of these matrices by the scicnee
community and the project's ground system
allows both groups to understand what and when
types of observations can be performed.  The
resulls make the scicnce community sensitive to
the limits of the ground resources, and thus
reduce the amount of "creeping" science
rcquircments.  In turn, the GS will be more
responsive to the needs of the investigators in
order to return the primary science objectives of
the mission.

Once the matrices have been developed and
analyzed, potential misallocation of resources
will become evident.  The areas where
investigator's requirements arc greater thanthe
available resources will drive the GS and science
community to onc of three possibilities:

1. Reallocate GS capability to
meet the observation, or
2. Decreasc the obscervation
type's complexity by trans-
ferring the responsibility to
the investigator, or
3. L.cave resources as is and
accept the greater risk of data 10ss.

The techniqu e stated in [his paper may be
applied to any sciecnce mission from any country.
When applicd to planetary exploration, mission
planners may usc it to select a spacecraft’s
scicnee payload; ground system engincers may
usc it to ensure the ground system's compatibility
with the science investigations; and operations
personnel may usc itto quantify where ground
resources need to be applied to return the quality
of scicnce data demanded by a first rate planctary
cxploration program. A

REFERENCES

Cassini Project Policics & Requirements Docu-
ment, JPL. Internal Document, 1’1 699-004
Rev. B, 1992 Scptember.,

Cassini Tour Cost Sensitivity Working Group
Final Report, JPL Internal Document; 1993
September 24,

Duxbury, J. 11., "OCMP Table and OCBYMP
Matrices”, IOM 380-92-0-004/)1), 1993
June3.

Mortis, R. B., "Framework for the Ncw Ground
System Design,” Cassini Ground System
Architecture Review, IP1. Internal Docu-
ment, Volume 111, 1993 April 8, pages
526-527.

BIOGRAPHY

Mr. Wessen has been an employee of the Jet
Propulsion laboratory for 11 years. le is
currently the Cassini Scienee Systems Yingineer
and has been involved with the Cassini mission
since its ncw start in 1990. Previously, Mr.
Wessen was the Galileo 1)cputy Sequence Team
Chicf and was the Science Sequence Coordinator
for the Voyager Project.

Ile has a Bachelors of Scicnee in Physics
and Astronomy from Stony Brook University,
Ncw York, anda Masters of Scicnce in
Astronautics from the University of Southern
California.Hc also is a fellow of the Royal
Astronomical Society and the British Inter-
planctary Socicty.

‘The research described in this paper was
carried out by the Jet Propulsion Laboratory,
California Institute Of Fechnology, under a
cont act with the National Aeronautics and Space
Administrate ion.




